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EXPERIMENTAL AND THEORETICAL INVESTIGATION OF SUBNANOSECOND
PULSE PROPAGATION IIN GRADED INDEX FIBERS
E. Nicolaisen* and J.J. Ramskov Hansen*
ABSTRACT
The propagation in a fibre which does not exhibit any mode coupling is
investigated by varying the launching conditions. It is shown that for
this fibre there exists a trade-off between dispersion and power coupling
efficiency. The measurements are compared to theoretical calculations
taking leaky modes and material dispersion into account and good agree-
ment is obtained.
INTRODUCTION
It is the purpose of this paper to perform a detailed experimental and
theoretical analysis of the influence of the launching conditions on the
impulse response of a graded index fibre. A theoretical investigation
for step index fibres has earlier been made [1].
THEORY
We are investigating fibres in which many modes can propagate and can
therefore use the WKB method to calculate the propagation constant and
group delay of each mode.
In a graded index fibre with refractive index n(r) as a function of rad-
ius r the propagation constant of each LP,V mode (linearly jolarized) is
determined by
r
{ u dr = (p+½)T (I)
r
where
u = / n2 (r) k2-f32-v2/r2 (2)
here p and V are the number of zeros in radial and azimuthal direction,
respectively. The free-space wave number is k = 2Tr/X and r1 and r2 are
the zeros of the integrand. Guided modes are determined by >. n(a)k
and leaky modes by , < n (a) k, a is the core radius.
We express the refractive index by
n (r) = n2 (1 - 2Af(r/a)) (3)
where f(O) = 0 and f(l) = 1
We can then calculate the group delay T as
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by using equation (1) we get
7 k F-;iNn2(r) - X A (n2(r) - n 2)1/u dr
r (n 2A 1)j1 %1
T = _--7 / dr
f 6/u dr
(4)
(5)
where N1 = n -An ' is the group index and a prime denotes differentiation
with respect1to the wavelength A.
If the index profile is a pure a-profile i.e. f(r/a) = (r/a)°U, then 5 and
T can be calculated analytically [2]. In all other cases they must be
numerically calculated.
Equation (5) depends implicitly on the wavelength through A' Analytical
expressions for the refractive index as a function of wavelength have
been determined for several glass compositions [31, [41.
The numerical calculations have been compared with the exact known values
2in the case of f(r/a) = (r/a) . It is found that S is determined with
8 correct digits and T with 6 correct digits. It is necessary to have
such a high degree of accuracy since we are interested in the difference
between the group delays.
EXPERIMENTAL SET-UP
A diagram of the set-up
in fig. 1.
for the measurement of pulse response is shown
x -Y
chart
rec.
S =170 mm
Fig. 1. Experimental set-up
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The laser (RCA) is operating self-pulsing with light pulses of 250 psec
(FWHM). The spectral width has been measured to 35 A (FWHM). The fibre
is a GeO2 doped graded index fibre from Schott at the length of 1112 m.
The numerical aperture is N.A. = 0.25 and the core radius a = 21.5 pm.
The index profile has been measured by the near-field method and is shown
in fig. 2. In this fibre 100 guided and 31 leaky LP modes can then
propagate.
The detector is an APD from Tele-
funken. A good SNR is obtained by
integrating the signal in the lock-in-
amplifier. The fibre is either excited
without optics inserted between fibre
and laser or with a small spot of size
-pm x 3pm obtained by the 3.5 x
shown in fig. 1. The spot is
at different positions on the
end face as shown in fig. 3.
M.O. as
placed
fibre
Fig. 2. Index profile
RESULTS
The measured pulse responses when
using excitation without optics
and spot excitation are shown in
fig. 4 and fig. 5, respectively.
We note that the pulse response
has three peaks and that the second
and third peaks are largest when
the fibre is excited at the centre
of the core. This indicates that
the first peak consists of the
many higher order modes and the
second and third peaks consist
of the few lower order modes. It
should be noted that it is
impossible to obtain such
pulse responses if the index
profile is a pure ct-profile.
The calculated responses are
shown in fig. 6 and fig. 7.
20 pim
130 pm
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Fig. 3. Spot excitation on the
fibre end face
In fig. 6 is shown the pulse
response with and without
leaky modes taken into account.
The leaky modes are modes of
high order and all of them ar-
rive in the first peak. Fig.
6 can be compared to fig. 4
since the excitation is nearly
equal.
Since it is very difficult to
calculate the excitation
coefficients for the spot
excitation shown in fig. 3,
26
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Fig 4. Measured pulse resp
with excitation without opt
P.
[a.u.]
Fig. 5. Measured pulse resi
spot excitation as shown in
p
we cannot calculate pulse responses like
those in fig. 5, but in fig. 7 are shown
pulse responses with different excitation
coefficients, which qualitatively agree
with the different spot excitations. If we
compare the positions of the peaks, which
are independent of the exact excitation,
we get that the distance between the first
and second peak is: 1. 05 ns (measured)
and 1.00 ns (calculated), and the distance
between the second and third peak is:
t 0.90 ns (measured) and 0.95 ns (calcu-
500 ps/div. lated).
The main difference between the
calculated curves and the mea-
sured curves is the fourth peakbonse on the calculated curves. This
ics. peak consists only of the LP
mode which propagate between00
r1/a = 0.036 and r2/a = 0.203
(eq. (1)). The refractive index within
these points is not well determined as
one can see in fig. 2 and the WKB approxi-
mation may fail since we here have the
fastest variation of the index within
distances of order of a wavelength. It
is found that the third peak consists
of the LPol, LP02, LP13 and
LP modes. Finally it is
seen both from the experimental
and the theoretical curves
\t that the dispersion de-div
creases when we excite
the higher order modes,
but in this case we also
decrease the power coupledponse with into the fibre. This re-
fig. 3. sult is opposite to the
one we get for step-index
fibres [1].
Fig. 6. Calculated pulse response with equal ex-
citation of the modes. Full line with-
out leaky modes; dotted line with
leaky modes.
t
500 pS/div
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J~ 32 1PP ^ CONCLUSION
/18 / \ We have obtained good agree-
ment between theoretical
calculations and measurements
of the impulse response of a
g\1 graded index fibre. We have
shown that the impulse re-
sponse highly depends on the
3 launching conditions and a
2 1 steady-state mode excitationtherefore is preferable if
one wants a reproducible
/\2\ t/div measuring method.
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